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A B S T R A C T   
Building Integrated Photovoltaic (BIPV) glazings are promising technologies with the benefits of electricity 
generation, solar shading and building energy savings. A new approach is to integrate BIPV windows with 
thermotropic materials such as Hydroxypropyl Cellulose (HPC) hydrogel, which offers adaptive advantages for 
the systems to respond to time-varying weather conditions but also enhances the PV electricity generation. To 
design such systems, knowledge of the temperature-dependent scattering properties of the selected thermotropic 
materials is of significance. In this study, a Building Integrated Photovoltaic (BIPV) smart window system con-
sisting of a thermotropic membrane synthesised using HPC and gellan gum gelling agent for electricity gener-
ation and also solar control has been designed and investigated. An advanced optical model, which combines a 
Monte-Carlo ray-tracing technique with an Inverse Adding-Doubling (IAD) method, has been developed for 
characterising the thermotropic membrane in terms of angular scattering distribution under various membrane 
temperatures and HPC concentrations. Then the developed optical model has been validated by comparison with 
experimental measurements. Subsequently, the validated optical model has been used to design and optimise the 
proposed BIPV smart window. The effects of HPC concentration, geometric concentration ratio, thermotropic 
membrane thickness and glass refractive index on PV power outputs have been evaluated. Finally, a prototype of 
the BIPV smart window with a 6 wt% HPC membrane has been manufactured and tested under indoor condi-
tions. From the experimental tests, it was found that the total transmittance of the double-pane glass sample with 
a 6 wt% HPC membrane layer decreases from approximately 90%to 14%, when the membrane temperature 
increases from 27 ◦C to 56 ◦C. The measured short-circuit current for the prototype BIPV smart window is up to 
1.15 times higher than that of its counterpart system with a similar PV area but no membrane.   
1. Introduction 
Harnessing solar energy to generate electricity based on Building 
Integrated Photovoltaics (BIPV) systems is a promising solution leading 
towards green and sustainable buildings. In such systems, Photovoltaic 
(PV) cells replace conventional building materials and serve as a part of 
the building envelopes providing savings in materials, generating elec-
tricity on site as well as protecting buildings from weather (e.g. shading 
and thermal insulation) [1,2]. In recent years, it has becoming 
increasingly popular to integrate Concentrating Photovoltaics (CPVs) 
into building windows or glazed façades to offer electricity and 
aesthetically pleasing features to buildings [3]. Given the flexibility in 
the shape and dimensions of concentrating optics, ray-tracing technique 
has usually been applied for BICPV system design and optical charac-
terisation [4,5]. For example, Kerrouche et al. [6] investigated a 
Luminescent Solar Concentrator (LSC) based stained glass window using 
ray-tracing simulations. The prediction results show that the LSC en-
ables light over a wide range of incidence angles to be collected around 
the window edges where solar cells are attached and the maximum 
optical efficiency is approximately 6%. Sellami et al. [7] designed a 
BICPV window consisting of dielectric-filled solar concentrators with a 
Square Elliptical Hyperboloid (SEH) profile. The optical efficiency was 
predicted to be in the range of 30–68% for the SEH concentrator with a 
geometric concentration ratio varying between 4 and 10. Shanks et al. 
[8] studied a BICPV window based on Cross Compound Parabolic 
Concentrators (CCPCs). Different optical efficiencies and PV power 
outputs were observed for the CCPCs made from different dielectric 
materials. Kim et al. [9] predicted the performance of a flat-plate CPV 
system comprised of a BK7 glass plate with its rear surface roughened to 
form a diffuser, which was assumed as a Lambertian-type diffused 
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reflector for the optical modelling. Wu et al. [10] proposed a BICPV 
smart window with a thermotropic (TT) reflective layer for dynamic 
modulation of incident solar radiation. It was assumed that in the optical 
simulation, the TT layer in its translucent state behaves as a Lambertian 
reflector reflecting light equally into all directions. However, in practice, 
the light reflection from a translucent medium with a slab geometry is 
anisotropic in almost all situations [11]. The simple ray-tracing tech-
nique applied in the previous studies might not be accurate enough to 
predict the optical performance of a solar system when a translucent 
medium is involved. Therefore, a model considering the non-Lambertian 
scattering with angular distribution is required. 
Typically, the light distribution in a diffuse medium can be modelled 
based on its intrinsic optical properties, including absorption coefficient 
(μα), scattering coefficient (μs), anisotropy factor (g) and reduced scat-
tering coefficient (μ′s) [12–15]. These volume scattering properties can 
be estimated by the direct methods and the inverse methods [12,16,17]. 
In the direct methods (e.g. Lorenz-Mie theory), the physical properties of 
a diffuse medium and its constituent particles, such as refractive index, 
particle size, shape and concentration, are measured with specialised 
equipment and used as input in Maxwell’s equations to yield solutions 
for the volume scattering properties [17–19]. If these experimental data 
are not available, the volume scattering properties can be estimated by 
the Inverse or fitting approaches, such as the Kubelka-Munk method 
[20], the diffusion approximation [21] and the Inverse Adding-Doubling 
(IAD) method [19]. The prerequisites for these inverse methods are the 
macroscopic quantities of a diffuse medium, such as reflectance and 
transmittance, which can be obtained using the experimental setups 
such as integrating spheres and goniometers [18]. 
The IAD method is regarded as a standard reference approach to 
estimate the volume scattering properties of diffuse media, with ad-
vantages such as fast computation, good flexibility and broad 
applicability [14,16]. In the IAD method, an initial guess is made for the 
volume scattering properties of a sample. The guessed values are used 
for calculating the sample’s reflectance and transmittance with the 
Adding-Doubling (AD) method, and iteratively adjusted until a good fit 
between the calculated and measured values is obtained. The IAD 
method applies to any diffuse medium for which the Radiative Transport 
Equation (RTE) is valid, and places no restrictions on albedo, optical 
depth and scattering anisotropy [22,23]. Typically, three input variables 
are required for the IAD calculation: the total reflectance, total trans-
mittance and collimated transmittance of a diffuse medium. These data 
are usually available from the measurement with a single/double inte-
grating sphere system [14,24] or a Bi-directional Scattering Distribution 
Function (BSDF) device [15,18,19]. 
The IAD method has been used to investigate the light scattering in a 
host of diffuse media such as fruit and vegetable tissues [14,25,26], 
tissue-mimicking phantoms for clinic use [23,27,28], translucent liquids 
[12,19] and plastic diffusers [19,29]. Leyre et al. [19] used the IAD 
method to estimate the volume scattering properties for a concentration 
series of diluted milk in glass cuvettes, which were used as input to 
Monte-Carlo ray-tracing simulations to predict the angular scattering 
intensity distribution of the samples with different milk concentrations 
and thicknesses. Good agreement was obtained between the simulated 
results and the data measured using a BSDF device. Xie et al. [30] 
investigated the optical characteristics of Quantum dots (QDs)-Poly-
methyl methacrylate (PMMA) films by using a combination of IAD 
calculation and double-integrating-sphere measurement. It was found 
that the QDs-PMMA films exhibit stronger scattering and absorption at 
higher QDs concentrations and for the incident laser with a lower 
wavelength. 
In this study, a Building Integrated PV (BIPV) smart window system 
consisting of a Hydroxypropyl Cellulose (HPC) based thermotropic 
Fig. 1. (a) Schematic diagram of the BIPV smart window system and (b) possible light paths in the system.  
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membrane layer has been designed for electricity generation and 
adaptive daylighting control. The schematic diagrams are shown in 
Fig. 1. In principle, the thermotropic layer automatically responds to its 
temperature change, by varying the proportion of solar radiation 
transmitted through it and reflected from it. In the transparent state 
(Fig. 1(b) top diagram), on a cool day, some of the solar radiation falls on 
the front-face solar cells for electricity generation, and the rest pene-
trates through the window for building daylighting and passive heating. 
In the light-scattering state (Fig. 1(b) bottom diagram), on a warm day, a 
proportion of the light backscattered from the thermotropic membrane 
is redirected through Total Internal Reflection (TIR) towards the solar 
cells for electricity generation in addition to the light directly incident 
on the cell surfaces. Meanwhile, the light scattering effect potentially 
can protect the indoor environment from excessive solar heat gain and 
glare, thus reducing the energy consumption for space cooling and 
artificial lighting in buildings. To accurately represent the dynamic 
scattering behaviour of the HPC based thermotropic membrane, an 
advanced optical model that combines a Monte-Carlo ray-tracing tech-
nique with an IAD method has been developed and validated. In this 
model, the IAD has been used to determine the volume scattering 
properties of the thermotropic membrane. This developed optical model 
has been subsequently used to optimise the BIPV smart window design, 
where the effects of HPC concentration, geometric concentration ratio, 
thermotropic membrane thickness and glass refractive index on PV 
power outputs have been evaluated. Finally, a prototype has been 
developed and characterised. 
2. Advanced optical model 
A flow chart showing the procedure of the development and vali-
dation of the proposed advanced optical model is illustrated in Fig. 2. At 
first, the total reflectance (Rt), total transmittance (Tt) and collimated 
transmittance (Tc) of a thermotropic laminated glazing sample (4-mm- 
thick glass pane/1-mm-thick 2 wt% HPC based thermotropic membrane 
layer/4-mm-thick glass pane) were measured and used as input to an 
IAD algorithm. The volume scattering properties of the thermotropic 
membrane, including absorption coefficient (μα), reduced scattering 
coefficient (μ′s) and anisotropy factor (g), were derived from the IAD 
calculation and then imported into a Monte-Carlo ray-tracing model. 
The intensities of light transmitted through the thermotropic laminated 
glazing sample observed at multiple scattering angles (Gsim(θ)) were 
simulated with the Monte-Carlo ray-tracing technique and compared to 
experimental data (Gexp(θ)). To gain deeper insight into the thermo-
tropic membrane performance, its angular scattering profile and spatial 
flux distribution were simulated under varying membrane temperatures 
and HPC concentrations. The developed model was subsequently used 
for the design and optimisation of the proposed BIPV smart window 
system. The simulated results for the optimised prototype were 
compared to the data obtained from an indoor experiment, as further 
validation of the developed numerical method for BIPV and smart 
window applications. 
2.1. Optical measurements 
The thermotropic membranes were synthesised using HPC polymer 
and Gellan Gum type F (GGF) gelling agent. The detailed synthesis 
procedures can be found in our previously published paper by Connelly 
et al. [31]. The total reflectance (Rt) and total transmittance (Tt) of a 
laminated glazing sample with an HPC-GGF thermotropic membrane 
layer were measured using a double-integrating-sphere (DIS) system 
illustrated in Fig. 3(a). In the DIS system, the totally reflected light 
(including the specularly and diffusely reflected light) from the sample 
was collected by an Ocean Optics ISP-REF integrating sphere; and the 
totally transmitted light (including the specularly and diffusely trans-
mitted light) through the sample was collected by an Ocean Optics 
FOIS-1 integrating sphere. The spheres were connected to an Ocean 
Optics USB2000+UV-VIS-ES spectrometer via 400 μm core diameter 
optical fibres. The collimated transmittance (Tc) of the sample, which is 
defined as the light transmitted through the sample without being 
scattered [17,24], was measured using the setup illustrated in Fig. 3(b). 
A collimated detector consisting of an Ocean Optics 74-UV collimating 
lens and a 400 μm core diameter optical fibre was positioned at a dis-
tance of 20 cm from the sample with its centre aligned with the incident 
beam. The collimated detector was connected to the Ocean Optics 
USB2000+UV-VIS-ES spectrometer. A distance independence test has 
been conducted for the collimated transmittance measurement. As can 
be seen from Fig. 4, the measured collimated transmittance decreases 
exponentially with increasing the distance between the sample and de-
tector, indicating less diffuse light being detected. No significant 
decrease in collimated transmittance has been observed when the dis-
tance is over 20 cm. 
Before the optical measurements, a GyroStir-DH hotplate was used to 
heat the thermotropic membrane to a defined temperature with an 
equilibrium time of at least 10 min. The membrane temperature was 
recorded and monitored by a T-type thermocouple embedded in the 
membrane (see Fig. 5) and connected to a DT85 data taker. The uni-
formity of temperature distribution across the membrane was checked 
by using a FLIR E40BX infrared camera. The thermal and optical mea-
surements were repeated at least triplicate, to account for the uncer-
tainty due to membrane temperature fluctuation. 
2.2. IAD calculation and ray-tracing simulation 
The measured spectral data of Rt , Tt and Tc were imported to an IAD 
algorithm [24,32,33], with which μα, μ
′
s and g as a function of wave-
length were calculated [26,34]. A flow chart of the IAD algorithm is 
shown in Fig. 6. The additional input parameters for the IAD calculation 
include the average refractive index of the low-iron optical glass panes Fig. 2. Flow chart presenting the process for optical simulation and validation.  
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(1.51), the average reflective index of the thermotropic layer (1.34), the 
glass pane thickness (4 mm), the thermotropic layer thickness (1 mm), 
the illumination beam diameter (1.5 mm), the diameters of the inte-
grating spheres (38 mm), the diameters of the sample ports (10 mm) and 
the sphere wall reflectivity (98%). In the IAD algorithm, the refractive 
indices of the glass panes and thermotropic layer are used to calculate 
the Fresnel reflection at boundaries, and the geometrical dimensions are 
used to correct the light loss when using the DIS measurement setup 
[24]. The refractive index of 2 wt% HPC aqueous solution is 1.34 ac-
cording to the literature [35,36] and is considered as the refractive index 
of the thermotropic layer under study. 
A Monte-Carlo ray-tracing model has been developed to simulate the 
optical characteristics of the thermotropic laminated glazing sample. 
The light propagation in the thermotropic layer was approximated using 
its absorption coefficient μα, scattering coefficient μs (given by Eq. (1) 
[34]) and single-scattering phase function p(θ) as input. μα (or μs) is 
defined as the reciprocal of the average free path that light travels be-
tween two absorption (or scattering) events [12,30]. The 
single-scattering phase function describes the fraction of light scattered 
at an angle θ from the incident direction after a single scattering event 
[12,16]. In this work, the Henyey–Greenstein phase function with a 
single variable g (anisotropy factor) was implemented for the simula-
tion, given by Eq. (2) [34]. Other input parameters include the refractive 
index and absorption coefficient of the low-iron optical glass panes, the 
refractive index of the thermotropic layer, the measured irradiation 
intensity of the light source and the number of incident rays where 1, 
000,000 rays were used in this study confirmed through a ray inde-
pendence test. 
2.3. Validation of the optical models 
The optical model was validated by an experiment using the setup 
shown in Fig. 7. A laminated glazing sample comprised of a thermo-
tropic layer (40 mm × 40 mm × 1 mm) between two optical glass covers 
(50 mm × 50 mm × 4 mm) was mounted in the centre of a rotation 
device. The sample was illuminated by a collimated light source that 
consists of an Ocean Optics 74-UV collimating lens, a 400 μm core 
diameter optical fibre and an Ocean Optics HL2000 tungsten halogen 
lamp. The normal incident beam has a diameter of 5 mm and a total 
irradiation intensity of 36 W/m2 across the 350–1000 nm spectrum. A 
detector (at a 10 cm distance from the centre and 15 cm away from the 
light source) moved around the sample to collect the light scattered at a 
predefined set of angles. The detector consists of an Ocean Optics CC-3- 
UV-S cosine corrector (with an aperture diameter of 3.9 mm and a field 
of view 180o) and a 400 μm core diameter optical fibre connected to an 
Ocean Optics USB2000+UV-VIS-ES spectrometer. The optical detection 
system had been calibrated for absolute spectral irradiance against an 
Fig. 3. (a) Double-integrating-sphere system and (b) collimated transmittance measurement setup.  
Fig. 4. Measured collimated transmittance of the sample with a 2 wt% HPC, 
1.5 wt% GGF based TT membrane in the translucent state against sample- 
detector distance. 
Fig. 5. Images illustrating the states of the sample with a 2 wt% HPC, 1.5 wt% GGF based TT membrane at different temperatures.  
X. Liu and Y. Wu                                                                                                                                                                                                                               
Solar Energy Materials and Solar Cells 223 (2021) 110972
5
Ocean Optics LS-1-CA calibrated halogen lamp. The intensities of light 
transmitted through the sample observed at the angles of 0o, 15o, 30o, 
45o and 60o were measured and compared to the simulation results 
using the developed optical model. After validation, the normalised 
scattered radiant intensity of the thermotropic laminated glazing sample 








Where F(θ) is the normalised angular scattering intensity, Gs(θ) is the 
scattering intensity of the sample detected at the scattering angle θ (W/ 
m2), Gi is the normal incident light intensity (W/m2), Ω is the solid angle 
of the detector, A is the surface area of the detector port (m2), and R is 
the distance between the detector port and the centre of the sample (m). 
3. Results and discussion 
3.1. Total transmittance, total reflectance and collimated transmittance 
Fig. 8 shows the total transmittance and total reflectance of the 
sample consisting of a 1-mm-thick 2 wt% HPC, 1.5 wt% GGF based 
thermotropic membrane sandwiched by two pieces of 4-mm-thick op-
tical glass panes, measured over the membrane temperature range from 









(1 + g2 − 2g cos(θ))3/2
(2)    
Fig. 7. Schematic diagram of the angular intensity measurement setup.  
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27 to 56 ◦C and the wavelength range from 400 to 1000 nm. As shown in 
Fig. 8(a), the total transmittance of the sample decreases with increasing 
temperature, being approximately 90% at temperatures below 38 ◦C and 
nearly 20% above 50 ◦C. This is because HPC is freely soluble in the 
water below 38oC, whereas is insoluble and precipitates as white floc in 
water above 38oC, resulting in a translucent appearance [35,38,39], as 
can also be seen in Fig. 5. The transition temperature of the 2 wt% HPC 
membrane (i.e. quoted as the temperature at which 50% of incoming 
solar radiation transmits through the sample [31]) is approximately 
42oC. 
On the other hand, the total reflectance is below 10% at 27oC, de-
creases slightly when the temperature increases from 38 to 42oC, and 
then increases progressively with temperature, as shown in Fig. 8(b). A 
similar phenomenon was reported by Varma et al. [40]. This might be 
due to the combined effect of specular reflection decrease and diffuse 
reflection increase. The specular reflection decrease might be attributed 
to an increase in the refractive index of the thermotropic hydrogel, 
induced by its volumetric change with temperature [41]. A possible 
reason for the diffuse reflection increase may be that the number and 
size of HPC aggregates (i.e. scattering centres) in the membrane struc-
ture increase due to continuous phase separation [42]. 
Fig. 9 shows the average values of total transmittance (Tt), colli-
mated transmittance (Tc) and total reflectance (Rt) in the visible region 
(380–780 nm) (calculated following the methods outlined in the BSI 
Standard BS EN 410:2011 [43]) for the laminated glazing samples with 
the 2, 4 and 6 wt% HPC membranes under various temperature condi-
tions. The samples exhibit similar total transmittances (̃90%), 
collimated transmittances (̃80%) and total reflectances (̃8%) when 
below 38oC. The differences between the total and collimated trans-
mittances imply that the light passing through the samples in the 
transparent state is not entirely in the specular direction. A fraction of 
light incident on the samples is diffused, probably because of unsmooth 
surfaces and impurities. As can be seen from Fig. 9, the total and colli-
mated transmittances both start to decrease at 38oC. However, the 
collimated transmittance decreases faster than the total transmittance, 
indicating an increase in the proportion of diffusely to totally trans-
mitted light through the sample. When the membrane temperature in-
creases to 42oC, the collimated transmittances of the three samples are 
nearly 0% whereas their total transmittances are higher than 35%. The 
transmittance differences suggest that the thermotropic membranes 
potentially can be used in windows to reduce glare caused by direct 
lighting. As the membrane temperature reaches 56oC, the total trans-
mittances of the samples with 2, 4 and 6 wt% HPC decrease to ̃ 21%, 
̃16% and ̃14%, respectively. The total reflectances of the samples in-
crease with temperature when the samples are heated above 42oC. A 
higher HPC concentration results in higher total reflectance but lower 
total and collimated transmittances in the phase separation process. This 
could be attributed to an increased amount of HPC aggregates within the 
membrane structure, increasing the opportunity for light to be scattered. 
3.2. Volume scattering properties 
Based on the measured spectral transmittance and reflectance, the 
spectral volume scattering properties of the thermotropic membrane 
were calculated with the IAD method. Fig. 10 shows the effect of 
membrane temperature on the volume scattering properties of the 
thermotropic membrane consisting of 2 wt% HPC and 1.5 wt% GGF over 
the wavelength range from 400 to 1000 nm. It can be seen that the 
reduced scattering coefficient (μ′s) increases when the membrane tem-
perature increases from 44 to 56 ◦C. This trend corroborates that the 
thermotropic membrane becomes increasingly diffusely reflective and 
transmissive in the heating process as aforementioned. On the other 
hand, the temperature effect on the sample’s absorption coefficient (μα) 
is as not significant as on the μ′s. The anisotropy factor (g) is observed to 
decrease with increasing temperature, indicating an increasing propor-
tion of light being scattered backwards from the thermotropic 
membrane. 
Fig. 11 shows the volume scattering properties calculated for the 2, 4 
and 6 wt% HPC based thermotropic membranes at the wavelength of 
600 nm. As can be seen from Fig. 11, the three membranes exhibit 
similar temperature dependences of the volume scattering properties. 
Taking the 6 wt% HPC as an example, when the membrane temperature 
increases from 44 to 56 ◦C, the μ′s increases from 0.78 to 2.41 mm
− 1, the 
μα reduces from 0.55 to 0.42 mm
− 1, and the g reduces from 0.88 to 0.67. 
Fig. 8. (a) Spectral total transmittance and (b) spectral total reflectance of a laminated glazing sample with a 2 wt% HPC, 1.5 wt% GGF based TT membrane under 
various temperature conditions. 
Fig. 9. Average visible total transmittance, total reflectance and collimated 
transmittance of the three laminated glazing samples with the TT membranes 
consisting of 2, 4 and 6 wt% HPC with 1.5 wt% GGF, as a function of membrane 
temperature. 
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It is also found that at the same temperatures, the membranes with 
greater HPC concentrations have higher μ′s but lower g. For example, at 
56 ◦C, the μ′s increases from 1.48 to 2.41 mm
− 1, while the g decreases 
from 0.79 to 0.67, with increasing the HPC concentration from 2 to 6 wt 
%. Similar trends regarding the effects of temperature and HPC con-
centration are observed at the wavelengths of 400 nm and 800 nm, as 
can be seen in Table 1. 
The effect of the wavelength of incident light on the volume scat-
tering properties of the thermotropic membranes has also been inves-
tigated. As can be seen from Table 1 and Fig. 10, the μ′s is lower and the g 
is higher at a longer wavelength. This might be because the radiative 
scattering behaviour of a translucent material is related to the particle 
size parameter (x = 2πa/λ), which is determined by the wavelength of 
incident light (λ) and the particle radius (a) [44,45]. The longer the 
wavelength, the smaller the value of x, therefore the less effectively light 
is scattered by the particles, and also the larger the angle between the 
incident and scattered directions [44,45]. 
3.3. Angular scattering profile and spatial flux distribution 
The volume scattering properties determined in the previous section 
were used as input data to the Monte-Carlo ray-tracing model, where an 
irradiance detector rotates around the thermotropic laminated glazing 
sample to collect the scattered light at a specific angle from the sample 
(Fig. 7). Fig. 12 shows the results of detected irradiance from the optical 
simulation (circle points) and the measurement (cross points). Good 
agreement is obtained between the simulated and measured results for 
the selected scattering angles (0o, 15o, 30o, 45o and 60o), membrane 
temperatures (48, 50 and 52oC) and HPC concentrations (2, 4 and 6 wt 
%). The validated results give confidence in the use of the optical 
modelling approach to predict the angular scattering profile and spatial 
flux distribution of the thermotropic membranes under different 
conditions. 
The validated optical model has been subsequently used to investi-
gate the angular scattering intensity distribution of the thermotropic 
laminated glazing sample when subjected to the changes in membrane 
temperature and HPC concentration. As can be seen from Fig. 13(a), the 
2 wt% HPC based sample at 44 ◦C exhibits narrow-angle forward scat-
tering, i.e. most of the incident light is scattered forwards within the 
angle range from 345◦ to 15◦. The forward-scattering peak reduces 
significantly with the membrane temperature increasing from 44 to 
56 ◦C, as shown in Fig. 13(a) and (b). For instance, the normalised 
radiant intensity at the scattering angle of 0◦ reduces from ̃1 sr− 1 to 
̃0.18 sr− 1 when the membrane temperature increases from 44 to 48 ◦C, 
and further to ̃0.09 sr− 1 when above 54 ◦C. On the other hand, the 
Fig. 10. (a) Reduced scattering coefficient, (b) absorption coefficient and (c) anisotropy factor of the 2 wt% HPC, 1.5 wt% GGF based TT membrane under various 
temperatures. 
Fig. 11. Volume scattering properties of the 2, 4 and 6 wt% HPC based TT 
membranes at the wavelength of 600 nm as a function of membrane 
temperature. 
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backward scattering becomes more prominent at higher membrane 
temperatures. In addition to the temperature effect, the angular scat-
tering intensity distribution shows dependence on the HPC concentra-
tion. Fig. 13(c) and (d) illustrate that increasing the HPC concentration 
from 2 to 6 wt% results in suppressed forward scattering and enhanced 
backward scattering at the membrane temperatures of 50 and 56 ◦C. 
Similar trends are observed for the other membrane temperatures in the 
range from 44 to 56 ◦C (results not shown here). The results from Fig. 13 
(c) and (d) also show that increasing the HPC concentration results in a 
more uniform angular intensity distribution of the light scattered in the 
forward direction, which can potentially reduce the intensity contrast 
between the glare area and its neighbouring area thus providing more 
effective glare protection for buildings. 
Fig. 14 illustrates the spatial flux distributions when light propagates 
in the 2 wt% and 6 wt% HPC based thermotropic layers at the three 
membrane temperatures: 44, 50 and 56 ◦C. A light beam with a diameter 
of 0.5 mm was assumed to perpendicularly enter the top surface of the 1- 
mm-thick thermotropic layer (i.e. Y = 0). All the other settings are the 
same as in the previous optical simulations. As shown in Fig. 14, the 
incident flux in the X range from − 0.25 to 0.25 mm decreases with the 
depth increasing. The light attenuation is caused by the absorption and 
scattering in the thermotropic membrane. Due to the volume scattering, 
the light beam spreads in the transverse direction during propagation in 
the thermotropic layer. When the membrane temperature increases 
from 44 to 56 ◦C or the HPC concentration increases from 2 to 6 wt%, the 
flux reaching the bottom surface (i.e. Y = − 1) decreases, which results in 
reductions in the total transmittance (Fig. 9) and forward scattering 
peak (Fig. 13) of the thermotropic laminated glazing sample. 
3.4. Optical design and characterisation of BIPV smart window 
The developed optical model has been used to predict the effects of 
various parameters (e.g. HPC concentration, membrane thickness, geo-
metric concentration ratio and glass refractive index) on the perfor-
mance of the proposed BIPV smart window. Subsequently, a prototype 
for the BIPV smart window and a prototype for the counterpart PV 
window of similar structure but with no HPC membrane (named refer-
ence system) have been fabricated based on the findings from the optical 
simulation. A schematic diagram for the BIPV smart window for initial 
optical modelling is illustrated in Fig. 15. The BIPV smart window has a 
four-layer structure: a Dow Corning 1–2577 optical coating layer for 
encapsulating the solar cell (10 mm × 10 mm), a thermotropic mem-
brane layer (50 mm × 50 mm × 1 mm) for modulating incident solar 
radiation and two GPE Scientific low-iron glass covers (50 mm × 50 mm 
× 4 mm). The thermotropic membrane layer was modelled using the sets 
of volume scattering properties (μa, μs and g) corresponding to the 
membrane temperatures from 44 to 56oC. The average refractive indices 
of the glass covers and the optical coating layer were defined as 1.51 and 
1.49, respectively. The solar cell was assumed as a perfect light absorber 
(i.e. 100% absorptivity) for simplicity. AM1.5G sunlight with the power 
density of 1000 W/m2 [46] perpendicularly illyilluminated on the front 
glazing cover of the BIPV smart window. The ray number was set as 1, 
000,000 conformed by a ray independence study. 
The effects of membrane temperature and HPC concentration on the 
optical performance of the BIPV smart window have been investigated 
and are shown in Fig. 16(a). When the membrane temperature increases 
from 44 to 56oC, the optical power density (i.e. irradiance at the solar 
cell surface) of the BIPV smart window with the 2 wt% HPC membrane 
increases from 958 to 1028 W/m2, higher than that of the reference 
system (930 W/m2). This is because the thermotropic membrane offers 
stronger backward scattering at higher temperatures (see Fig. 13), 
resulting in an increased fraction of incident light being reflected and 
redirected through Total Internal Reflection (TIR) towards the solar cell. 
Fig. 16(a) also shows that higher optical power densities can be achieved 
by increasing the HPC concentration, for example, the optical power 
densities at 56oC for the 2, 4 and 6 wt% HPC concentrations are 1028, 
Table 1 
Volume scattering properties with respect to different HPC concentrations, membrane temperatures and wavelengths.    
400 nm 600 nm 800 nm   
μ′s  μs  μa  g  μ
′
s  μs  μa  g  μ
′
s  μs  μa  g  
Unit ◦C mm− 1 mm− 1 mm− 1 / mm− 1 mm− 1 mm− 1 / mm− 1 mm− 1 mm− 1 / 
2 wt% 44 0.67 5.81 0.36 0.88 0.31 5.70 0.46 0.95 0.19 5.69 0.48 0.97 
50 1.72 7.22 0.33 0.76 1.11 7.10 0.45 0.84 0.85 7.05 0.49 0.88 
56 2.30 7.01 0.29 0.67 1.48 6.91 0.40 0.79 1.18 6.87 0.44 0.83 
4 wt% 44 1.06 5.88 0.43 0.82 0.59 5.77 0.53 0.90 0.42 5.73 0.57 0.93 
50 2.53 6.35 0.36 0.60 1.59 6.26 0.45 0.75 1.27 6.21 0.50 0.80 
56 2.99 6.71 0.33 0.55 2.00 6.63 0.41 0.70 1.63 6.59 0.45 0.75 
6 wt% 44 1.28 6.45 0.44 0.80 0.78 6.34 0.55 0.88 0.58 6.30 0.60 0.91 
50 2.86 7.11 0.35 0.60 1.88 7.01 0.45 0.73 1.51 6.96 0.50 0.78 
56 3.63 7.37 0.35 0.51 2.41 7.30 0.42 0.67 1.99 7.26 0.46 0.73  
Fig. 12. Comparison between the simulated and measured irradiances for (a) the sample with 2 wt% HPC at 48, 50 and 52 ◦C, and (b) the samples with 2, 4 and 6 wt 
% HPC at 50 ◦C. 
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1047 and 1061 W/m2, respectively. Therefore, the HPC concentration of 
6 wt% was selected for further parametric studies. 
The optical performance of the BIPV smart window with a 6 wt% 
HPC membrane at different thicknesses is illustrated in Fig. 16(b). The 
optical power density increases significantly with the membrane thick-
ness increasing from 0.1 to 0.5 mm. A possible reason may be that using 
a thicker membrane increases the number of scattering events along the 
path of propagation, thus causing more photons to be scattered to the 
solar cell. With further increasing the membrane thickness above 1 mm, 
it is observed that there is no significant increase in optical power 
density, probably because the contribution of longer path length trav-
elled photons to the light reflectance is less significant [47]. In other 
words, the reflected solar energy is mainly contributed by the 
near-surface volume scattering [11]. 
Fig. 16(c) illustrates the relationship between the geometric con-
centration ratio (i.e. the ratio between the aperture areas of the front 
glazing cover and solar cell) and the optical performance of the BIPV 
smart window with a 1-mm-thick 6 wt% HPC membrane. Taking the 
membrane temperature of 56oC as an example, when the geometric 
concentration ratio is increased from 4 to 16, the optical power density 
increases from 1019 to 1057 W/m2. This is due to a larger area of the 
thermotropic membrane available, resulting in more photons being re-
flected and concentrated on the solar cell. There is a slight increase to 
1064 W/m2 when the geometric concentration ratio is further raised to 
32, indicating that most of the photons scattered from the expansion 
area could not be collected by the solar cell. The optical losses could be 
potentially attributed to the escaping of photons from the window sys-
tem and the absorption of photons in the coating/glass/membrane 
before reaching the solar cell. 
The refractive index of the front glazing cover is another factor 
affecting the optical performance of the BIPV smart window. As can be 
seen from Fig. 16(d), the curve of optical power density plotted against 
membrane temperature shifts downwards as the refractive index is 
increased from 1.52 to 1.71. This may be because the front glazing cover 
with a higher refractive index has lower optical transmittance and re-
duces the direct sunlight received by the solar cell. 
After considering all the factors affecting the BIPV smart window 
performance, the HPC concentration of 6 wt% with the membrane 
thickness of 1 mm, the geometric concentration ratio of 16 and the glass 
refractive index of 1.52 was selected and applied for the prototype 
development. 
3.5. Experimental investigation 
The optimised prototype of the BIPV smart window has been char-
acterised by an indoor environmental experiment. The electrical per-
formance of the prototype illuminated under a tungsten halogen lamp 
was measured using a Keithley 2420 source meter unit. The incident 
light intensity and the ambient air temperature were controlled to be 90 
mW/cm2 and 25oC respectively. Fig. 17(a) shows the current-voltage 
(I–V) characteristics at different membrane temperatures of the proto-
type BIPV smart window. The short-circuit current density increases by 
17.8% from 27.8 to 32.8 mA/cm2 with the membrane temperature 
increasing from 42 to 54oC, and meanwhile, the maximum power output 
increases by 12.1%. The result demonstrates that the BIPV smart win-
dow system can produce more electricity when the integrated thermo-
tropic membrane provides stronger light scattering while subjected to 
higher temperatures above its transition temperature. 
Based on the experimental results, the ratio of short-circuit currents 
generated from the prototype BIPV smart window (Isc, BICPV) and from its 
Fig. 13. Normalised angular scattering intensity distributions of (a and b) the sample with 2 wt% HPC at the membrane temperatures from 44 to 56 ◦C, (c and d) the 
samples with 2, 4 and 6 wt% HPC at the membrane temperatures of 50 ◦C and 56 ◦C. 
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counterpart system with no membrane (reference system) (Isc, ref ) was 
calculated. From Fig. 17(b), it can be seen that the short-circuit current 
ratio increases from 1.053 to 1.145, with the membrane temperature 
increasing from 44 to 56 ◦C. Since the short-circuit current produced by 
a solar cell can be taken as directly proportional to the irradiance at the 
cell surface [7,48,49], the ratio of irradiances between the prototype 
BIPV smart window (Gs, BIPV) and the reference system (Gs, ref ) can be 
expressed by Eq.(4). The irradiance ratios at various membrane tem-
peratures derived from the experiment and optical simulation are pre-
sented in Table 2. The simulation results give good agreement with the 
experimental results, with differences of less than 1%. This validation 
confirms the usefulness of the optical modelling approach for predicting 
the dynamic behaviours of the BIPV smart window system. 
Fig. 14. Cross-section views of the incident flux distribution in the TT membrane layer with 1 mm thickness for (a–c) 2 wt% HPC and (d–f) 6 wt% HPC at 44, 50 and 
56 ◦C, respectively. 
Fig. 15. Configuration of the BIPV smart window prototype for opti-
cal analysis. 
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4. Conclusions 
This study developed an advanced optical model for the design and 
characterisation of a Building Integrated (BIPV) smart window system 
with a thermotropic hydrogel membrane applied. To be more specific, a 
numerical method based on Inverse Adding-Doubling (IAD) calculation 
coupled with Double-Integrating-Sphere (DIS) spectroscopic measure-
ments has been firstly used to determine the volume scattering proper-
ties of Hydroxypropyl Cellulose (HPC) based thermotropic hydrogel 
membranes. Subsequently, a Monte-Carlo ray-tracing model using the 
Fig. 16. Optical power density for the BIPV smart windows based on (a) different HPC concentrations, membrane thickness d = 1 mm, geometric concentration ratio 
Cg = 25 and refractive index of the front glass cover n = 1.52; (b) 6 wt% HPC, different thicknesses, Cg = 25 and n = 1.52; (c) 6 wt% HPC, d = 1 mm, different Cg and 
n = 1.52; (d) 6 wt% HPC, d = 1 mm, Cg = 25 and different refractive indices. 
Fig. 17. (a) I–V characteristics of the BIPV smart window prototype at different membrane temperatures. (b) The ratio of short-circuit currents between the BIPV 






(4)    
Table 2 
Experimental and simulated irradiance ratios at different membrane temperatures.    
44 ◦C 46 ◦C 48 ◦C 50 ◦C 52 ◦C 54 ◦C 56 ◦C 
Gs,BIPV / Gs, ref Experiment 1.053 1.085 1.109 1.125 1.135 1.141 1.145 
Simulation 1.050 1.080 1.101 1.116 1.127 1.136 1.143 
Difference 0.3% 0.5% 0.7% 0.8% 0.7% 0.4% 0.2%  
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volume scattering properties obtained from the IAD has been developed 
to predict the dynamic behaviours of the developed thermotropic 
membranes (2, 4 and 6 wt% HPC) and optimise the design of the pro-
posed BIPV smart window system. The simulation predictions were 
found to be in good agreement with the experimental results. The key 
findings and conclusions are as follows: 
1) The total transmittance of the thermotropic laminated glazing sam-
ple (2 wt% HPC) reduces from ̃90% to ̃20% and the collimated 
transmittance reduces from ̃80% to ̃0%, with the membrane 
temperature increasing from 27 to 56oC. These features indicate that 
the developed thermotropic membrane offers good potential for 
application in windows to avoid excessive solar heating and glare. 
2) The optical simulation results show that increasing membrane tem-
perature or HPC concentration leads to stronger backward scattering 
from the thermotropic membrane, resulting in an improved power 
output of the BIPV smart window.  
3) There is no significant improvement in power generation when the 
geometric concentration ratio of the BIPV smart window (6 wt% 
HPC) exceeds 16× and the membrane thickness is greater than 1 
mm. 
4) The optimised prototype of the BIPV smart window shows an in-
crease in short-circuit current density by 17.8% and an increase in 
maximum power output by 12.1% with the membrane temperature 
increasing from 42 to 54oC.  
5) The short-circuit current of the prototype BIPV smart window is up to 
1.15 times higher than that of its counterpart system of similar 
structure but with no membrane. 
This paper presents a generalised method for evaluating the scat-
tering characteristics of translucent media (e.g. thermotropic hydrogels) 
and demonstrates the feasibility of the proposed BIPV smart window 
system for electricity generation and adaptive daylighting control. 
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